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Abstract 
Due to the cost and the physical structure of color image sensor, most modern digital cameras acquire images using a 
single image sensor overlaid with a color filter array. At the location of each pixel only one color sample is taken, so 
a process called color demosaicking is required to reconstruct the full color images. General interpolation method 
may blur the texture and introduce color artifacts near edges. An adaptive region demosaicking using Multi-gradients 
is put forward in this paper to reduce the color artifacts. We first compute green according to the gradient operators 
and the weighted average method. The chrominance channels are then reconstructed base on the constant-hue rules. 
Finally, the result is optimized by the correlation of the detail. Stimulation studies indicate that the algorithm can 
improve the PSNR, sharpen texture and edge of the image and enhance image quality. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
of Science and Technology 
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1. Introduction  
According to the theory of three primary colors, a full color image is composed of three-color planes. 
Three CCD sensors are required for color image restoration. In order to reduce the cost and the 
complexity, many cameras use a single sensor covered with a color filter array (CFA); then, only one 
color is measured at each pixel and the missing two colors are estimated. The estimation process is known 
as color demosaicking. The most popular CFA used nowadays is the Bayer CFA [1]. 
The earliest proposed techniques were based on well-known interpolation methods, namely nearest-
neighbor replication, bilinear interpolation and cubic spline interpolation [2-4], but they were not able to 
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provide good performance. Based on the Mondriaan model [5], a smooth hue transition method is 
proposed in [6-7], the green is recovered by bilinear method, and then the red and blue are restored with 
the hue-ratio; Smooth hue transition method restores the image using the correlation of the three channels. 
However, the color artifact exists in the abrupt region of green. In [8], the edge-based demosaicking are 
proposed, calculated for each pixel along the gradient of different directions, and then gradients can be 
used to determine the final value of the different interpolation direction. In [9], an adaptive demosaicking 
is presented. Missing green is estimated based on the variances of the color differences along different 
edge directions, firstly. The missing red and blue are then estimated based on the interpolated green plane. 
In this paper, we present a very effective means of an adaptive region demosaicking using Multi-
gradients. Firstly, we interpolate the green channel according to the method of adaptive region using 
variable of color gradients and the weighted average method. The red and blue channels are then 
estimated from the hue-difference. At last, the result is optimized by the correlation of the detail 
projections in the frequency domain.  
2. The adaptive region demosaicking using Multi-gradients 
An adaptive region demosaicking using Multi-gradients is put forward in this paper based on variance 
of color gradients and the weighted average for color images in Bayer format. The proposed algorithm put 
its focus on how to effectively determine the interpolation direction for estimating a missing green in 
edge and texture regions. We compute green components according to the gradients operators and the 
weighted average, and then the missing red and blue are estimated based on the interpolated green and the 
model of color differences. Because there is no green in the diagonal direction, the green is estimated 
using the weighted average of adjacent pixels and the additional gradient factor. 
Fig.1. Four 5×5 regions of Bayer CFA pattern 
2.1. The initial interpolation 
We can restore the Green components as follow. 
1) The proposed algorithm computes the gradient terms in horizontal, vertical and diagonal. In that 
case, the horizontal gradients LH, the vertical gradients LV and the diagonal gradients LNW and LNE at 
position ( , )i j  are estimated firstly to determine the interpolation direction. 
2) The weighted average method is employed to restore the Green components of diagonal.  
3) At last, interpolate the Green along the direction of the minimum gradients, which is one of the 
horizontal gradients, vertical gradients and diagonal gradients. 
4) We restore the missing red and missing blue component, which is done using the color difference 
[9], according to the recovered Green component.  
At last, the final full color image where there are many fine details and sharper edges can be obtained 
after applying all the interpolation processes described above. But, because of the interpolation algorithm 
itself, the computational noise is introduced to the interpolated image. The computational noise can cause 
false color in the interpolated image. So, we can reduce the false color according to the high frequency 
correlation between channels. Based on this process, we reduce the interpolation error of the image and 
quality of the image is improved. 
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2.2. Improving restored image using frequency domain 
In natural images the color channels are highly mutually correlated. Since all three channels are very 
likely to have the same edge content, we expect this inter-channel correlation to be even higher when it is 
measured between the high frequency components. In [3], the color channels have very similar detail 
(high-frequency) bands; and the red and blue channels lose more information (detail) than the green 
channels when captured with a color filter array. Therefore, we force their high-frequency components to 
be similar to the high-frequency components of the green channel. 
We define 
0 ( )H z and 1( )H z as low-pass and high-pass filter, respectively. These analysis filter 
constitute a perfect reconstruction filter bank with the synthesis filters 0 ( )G z  and 1( )G z . The perfect 
reconstruction condition can be written as:
0 0 1 1( ) ( ) ( ) ( ) 1H z G z H z G z+ = . By denoting 0 (.)h and 1(.)h  as 
the impulse responses of 
0 ( )H z  and 1( )H z , respectively, we can write the four subbands of a two-
dimensional signal
1 2( , )S n n  as follows: 
1 1 2 0 1 0 2 1 2
2 1 2 1 1 0 2 1 2
3 1 2 0 1 1 2 1 2
4 1 2 1 1 1 2 1 2
( )( , ) ( )*[ ( )* ( , )]
( )( , ) ( )*[ ( )* ( , )]
( )( , ) ( )*[ ( )* ( , )]
( )( , ) ( )*[ ( )* ( , )]
WS n n h n h n S n n
WS n n h n h n S n n
WS n n h n h n S n n
WS n n h n h n S n n
=
=
=
=
  (1) 
Where 
1( )W S  is the approximation subband, and 2 3 4( ), ( ), ( )W W WS S S  are the horizontal, vertical, and 
diagonal detail subbands, respectively. 
Now we can define the detail constraint set 
dC  that forces the detail (high-frequency components) of 
the red and blue channels to be similar to the detail of the green channel as: 
1 2 1 2 1 2
1 2
( , ) :| ( )( , ) ( )( , ) | 0
( , ), =2,3,4
k k
d
S n n W S n n W G n n
C
n n for k and
− =⎧ ⎫= ⎨ ⎬∀⎩ ⎭   S=R,B   (2) 
In order to write the projection onto this constrain set, we first need to define the filtering operations in 
the synthesis stage of the filter bank. Letting 
1
(.)g  and 
0
(.)g denote the impulse responses corresponding 
to 
0
( )zG  and
1
( )zG , we can write the four filtering operations on a two-dimensional signal 
1 2( , )X n n  as 
follows: 
1 1 2 0 1 0 2 1 2
2 1 2 1 1 0 2 1 2
3 1 2 0 1 1 2 1 2
4 1 2 1 1 1 2 1 2
( )( , ) ( )*[ ( )* ( , )]
( )( , ) ( )*[ ( )* ( , )]
( )( , ) ( )*[ ( )* ( , )]
( )( , ) ( )*[ ( )* ( , )]
US n n g n g n X n n
U S n n g n g n X n n
US n n g n g n X n n
U S n n g n g n X n n
=
=
=
=
  (3) 
Where 1 2 3 4, , ,U U U U  are the synthesis filtering operators. These form a perfect reconstruction filter 
bank with the analysis filtering operators
1 2 3 4, ,W W W Wand .
1 2 1 1 1 2 1 1 1 2
1 1 1 2 1 1 1 2
( , ) ( )( , ) ( )( , )
( )( , ) ( )( , )
S n n U W S n n U W S n n
U W S n n U W S n n
= +
+ +       
  (4) 
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According to the high frequency correlation of the inter-channel when it is measured between the high 
frequency domains. Then we update the three channels as follow.  
Use the observed samples of the blue channel to form a downsampled version of the blue channel. Use 
the interpolated green samples at the corresponding (blue) locations to form a downsampled version of 
the green channel. Decompose these blue and green downsampled channels into their subbands (1). 
Replace the high-frequency (LH, HL, and HH) subbands of the green channel with those of the blue 
channel (2). Reconstruct the downsampled green channel, and insert the pixel in their corresponding 
locations in the initial green channel estimate. Repeat the same procedure for the pixels at the red samples.  
With this process, significant improvement can be achieved in the green channel. 
At last, decompose all three channels with a filter bank (1). At each level of decomposition, there will 
be four subbands. Update the high-frequency (LH, HL, and HH) subbands of the red and blue channel 
with those of the green channel using (2). Then these channels are reconstructed (4). 
3. Experiment Comparison 
We reconstruct the Bayer image by the adaptive region demosaicking using variable of color gradients 
and the existing algorithm. We report experimental results of our comparative study among five selective 
demosaicking algorithms. The relative algorithms are: 1) Bilinear Interpolation (BI); 2) Edge Sensing 
Interpolation (EDI); 3) Smooth Hue Interpolation (SHI); 4) Linear Interpolation with Laplacian second-
order correction terms (LSCI); 5) Adaptive Region Demosaicking Using Multi-Gradients (ARMGI). We 
recover the full-color images from the Bayer format images. The benchmark data sets are Kodak Photo 
CD. The CPSNR are calculated as the objective measures for comparing the demosaicking algorithm. The 
CPSNR is defined as: 
2
10
25510logCPSNR
CMSE
⎛ ⎞
⎜ ⎟⎜ ⎟⎝ ⎠
= （5）
( ) ( )( )2
1 1, ,
1 , ,
3
k k
o d
H W
i jk R G B
CMSE I i j I i j
HW = ==
= −∑ ∑∑ （6）
( ),oI i j  and ( ),dI i j  represent, respectively, the original and the reconstructed images of size H ×V each. 
           
BIOriginal EDI
SHI LSCI ARMGI
(a)                                                     (b)                                                       (c) 
Fig.2. (a)The original; (b) the result of interpolated;(c) The part zooms of the different interpolation algorithms 
These test images are part of the Kodak color image database. The images were sampled according to 
the Bayer CFA and reconstructed with a subset of algorithm. Fig. 2(a) is the one of used images. Fig. 2(b) 
is the result of interpolated using the ARMGI method. Fig.2 shows the part zooms of the different 
interpolation algorithms. Due to space limitations, only part of the main figures is listed. 
From the Fig.2(c), the ARMGI method avoids the introduction of unpleasant false colors. In this case 
the edges are largely horizontal, vertical and diagonal; therefore the algorithms based on horizontal, 
vertical and diagonal gradients and the high frequency correlation obtain the best results. A different 
behavior can be observed in Fig.2(c). Table 1 includes the performance comparison. It can be observed 
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that the proposed algorithm achieves the better PSNR performance. The proposed method obviously 
outperforms the other demosaicking solutions. 
TABLE1 The PSNR of different demosaicking 
4. Conclusions 
In this paper, we presented an adaptive region demosaicking using Multi- gradients. It makes full use 
of the gradients variance of the pixels located along the horizontal, the vertical and the diagonal to 
estimate the missing green samples. The weighted average method with additional diagonal gradients is 
employed to estimate the missed green. Then the missing red and blue are estimated based on the green 
components and the model of color differences. At last, the Optimized process reduces the false color 
introduced by the computational noise using the correlation of the detail in the frequency domain. 
Simulation results of the adaptive region demosaicking using Multi-gradients show an outstanding 
performance both subjectively and objectively. 
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